We have generated sub-single-cycle pulses of electromagnetic radiation with pulse energies as high as 0.8 ,tJ and pulse lengths < 500 fs. The 10-dB width of the spectrum is 1.5 THz. The transmitter is a GaAs wafer illuminated at normal incidence by 120-fs, 770-nm pulses from a Ti:sapphire chirped-pulse amplifier system while a pulsed electric field is applied across the surface. The pulse energy of the far-infrared radiation is found to be a quadratic function of bias field and a nonmonotonic function of laser intensity.
Picosecond and subpicosecond far-infrared (FIR) electromagnetic pulses have been generated with several optical switching techniques.' 5 Most interesting for high-power applications is the planar photoconductor, which produces coherent radiation in the directions of optical specular reflection and transmission when illuminated with ultrashort light pulses. 5 Both GaAs and InP wafers have been used for this purpose. Sampling measurements have demonstrated that the radiation actually consists of a single cycle of electromagnetic radiation in many cases. 4 ' 6 ' 7 This is corroborated by spectral analyses with interferometric field autocorrelation (the technique used in Fourier-transform infrared spectroscopy), which show broad bandwidths in these pulses. 8 ' 9 The pulse energies reported to date have been low (-50 nJ),' 0 so the pulses have only been used to study linear absorption spectroscopy. 1 " -" We report scaling these pulses to high energy (0.8 AJ) while maintaining both high bandwidth and short pulse duration (450 fs). The megawatt peak power can be used in nonlinear optics and multiphoton spectroscopy. We demonstrate focused peak fields of >150 kV/cm.
In addition, we report several novel and interesting properties of these pulses. Chief among these is a large asymmetry (at least 5:1) in the magnitude of positive and negative electric-field components in the traveling pulse. To a reasonable approximation, these pulses can be considered as not merely singlecycle but half-cycle pulses. In addition, we verify the prediction of a quadratic scaling relation between the bias field and the generated pulse energy.516 Also, we find a more dramatic saturation with laser fluence than reported previously. 1 Both GaAs and InP wafers are used in our studies, but much higher bias fields are possible in GaAs before breakdown. Therefore, we concentrate on GaAs.
Both high-resistivity crystalline wafers of (100) surface orientation and wafers with a 400-nm layer of low-temperature amorphous GaAs are studied. The wafers are illuminated by pulses from a Ti:sapphire chirped-pulse amplifier," 9 producing 120-fs pulses at 770 nm, with a repetition rate of 10 Hz.
Aluminum electrodes are connected to the semiconductor surface with silver paint. A standard eutectic mixture of In and Ga is equally effective but gives inconsistent results because of its reaction with aluminum. The bias field is in the plane of the wafer. The electrodes are attached to opposite faces of the wafer to reduce arcing across the semiconductor surface. The electrode separation is 1 cm. The bias field is applied in a slow (50-,As) pulse provided by an automotive spark coil synchronized with the laser. The laser beam is expanded to illuminate the wafer and the electrodes to obtain efficient FIR generation. Radiation is observed in both transmitted and reflected directions with comparable amplitudes, but usually only the transmitted radiation is used.
The FIR pulse energy is measured with a heliumcooled bolometer (Infrared Laboratories) or a roomtemperature pyroelectric detector (Molectron Detector, Model P1-42cc). For the bolometer measurements, a polyethylene vacuum window overcoated with a diamond-scattering layer and a low-pass filter are used to eliminate thermal background. The silicon bolometric element is located at the focus of a gold-coated collecting cone to enhance the collection efficiency. The surface of the pyroelectric detector is coated with an epoxy-based compound to maximize its FIR absorption. It is 300 times less sensitive than the bolometer but has a substantially higher saturation fluence. The FIR spectrum of our pulses is measured with an interferometer (Fig. 1) . 8 Typical interferograms measured with the bolometer (Fig. 2) are 600 fs wide, independent of the laser intensity, laser polarization, and bias field. The Fourier transform of the interfer ogram yields a spectral width of 1 THz (Fig. 2, inset Interferograms measured with the pyroelectric de tector have a wider peak and a slightly differen pulse shape. This is probably due to a less uniforn spectral response for the pyroelectric material. These spectral measurements indicate that th pulse width may be as short as 450 fs; however they give no direct information about the width To estimate the pulse width, we performed a pum] and probe experiment similar to that of Greeni et al. 15 The FIR pulse is transmitted through transient mirror, constructed with a second GaA wafer illuminated by the laser in delayed coincidenci with the FIR transmitter. Illumination of the seconc unbiased wafer with the probe pulse causes a suddex decrease in transmission of the FIR through thi wafer. A scan of the delay between the FIR pulsi and the mirror pulse yields a transmission ste] whose rise is the cross correlation between the FII pulse and the pulse creating the mirror (Fig. 3) The sharp rise shows that most of the FIR energ; (>80%) is contained in a subpicosecond interval Because the mirror reflectivity turns off slowly, the signal recovery is not seen. This measurement set an upper limit of 800 fs on the FIR pulse width; however, the finite turn on time of the transient mirror and geometric effects in the alignment of the 1-cm 2 FIR and probe pulses probably make a substantial contribution to the observed rise time.
An additional important feature of the interferogram is the marked asymmetry between the coherence maximum and the minima to either side (see Fig. 2 ). This suggests that the maximum electric field is larger in one direction than in the other. Of course, the time integral of the electric field may still be zero. The actual asymmetry is dependent on the pulse width, but for a 450-fs pulse (see inset in Fig. 3) , the model fit yields an amplitude asymmetry of -13:1.
We examined the FIR pulse energy for different intensities and polarizations of the illuminating laser beam. We found no dependence on laser polarization, but there is a nonmonotonic dependence of the FIR pulse energy on laser fluence. As shown in Fig. 4 , at low-bias fields (E < 4 kV/cm), the maximum FIR pulse energy occurs for the largest laser fluence, and there is no clear evidence of saturation, even at the highest laser fluence of 2 mj/cm 2 . This is consistent with previously observed results.' 7 "1 8 At high-bias fields, however, the maximum energy occurs at a laser fluence of -40 ILJ/cm 2 . The mechanism for this saturation is not understood.
We found no substantial sample dependence or orientation dependence when rotating either the laser polarization or the bias field for either GaAs or lowtemperature amorphous GaAs. The FIR energy is a al quadratic function of bias field, up to the maximum !r field that we can apply (-11 kV/cm).
The maximum FIR pulse energy is obtained from a 490 mV/ 1 tJ. This corresponds with 0.8 LJ of FIR energy.
In conclusion, we have generated femtosecond subsingle-cycle electromagetic pulses with energies as high as 0.8 ,gJ. We found a nonmonotonic dependence of the FIR energy on pump laser fluence and a quadratic dependence on applied bias field. These high-power FIR pulses are now being used in nonlinear optics and atomic-physics experiments in our laboratory.
